We study the discovery prospect of different three body lepton number violating (LNV) meson decays M 
INTRODUCTION
The discovery of neutrino oscillations [1] • and θ 13 ∼ 9
• . These observations indicate, at least two of the three SM neutrinos have non-zero masses. The absolute scale of the neutrino masses are yet unknown.
The sum of masses of three active neutrinos are bounded from cosmological observation as i m ν i < 0.23 eV [2] . One of the most natural ansatz to explain small neutrino masses is the seesaw mechanism, where the dimension-5 operator [3] with lepton and Higgs doublets generates Majorana mass of light neutrinos through electroweak symmetry breaking.
This operator breaks global lepton number symmetry of the SM by two units. The other possibility is to generate Dirac mass terms for the SM neutrinos by including gauge singlet RH neutrinos in the theory. However, to explain eV mass of the neutrinos, this requires unnatural fine-tuning of Yukawa coupling to a very small value Y ν ∼ O (10 −11 ). The seesaw mechanism on the other hand is most appealing, as the tiny Majorana mass of the light neutrinos are inversely proportional to the cut-off scale of the theory. This large cut-off scale naturally explains eV mass of neutrinos. Seesaw can be realised in different beyond standard model (BSM) extensions, such as Type-I [4] [5] [6] [7] /Inverse seesaw [8, 9] with gauge singlet Majorana neutrinos, Type-II [10] [11] [12] [13] seesaw with Higgs triplets, and Type-III seesaw [14] [15] [16] [17] with fermionic triplet. For Type-I/Inverse seesaw, RH neutrinos can have Majorana/Quasi-Dirac masses, that can vary in wide ranges, starting from GUT scale down to GeV. The low scale seesaw models, that inherits lighter RH neutrino states have higher discovery prospect, as they can be tested in a wide range of experiments.
Heavy SM gauge singlet RH neutrinos of mass GeV to TeV can be searched at LHC, via di-lepton [18] [19] [20] [21] [22] [23] , as well as, tri-lepton final states [24] [25] [26] [27] [28] [29] . The 13 TeV LHC tri-lepton search has constrained the mixing of the RH neutrinos with active neutrinos down to |V N | 2 < 10 −5 [28] , for the mass of RH neutrino M N in between 10 GeV to 50 GeV. For other future colliders, such as, e + e − , FCC-hh, and discussions on a future e − p collider, such as, LHeC, see [30] [31] [32] [33] [34] [35] [36] [37] . For heavy RH neutrino of mass M N ∼ TeV, the final decay products will be collimated and will produce fat-jets [23, 33, 35, 38] . For the discussion on sub weak scale RH neutrino state, that can produce lepton-jet, see [39] . The other mass ranges of RH neutrinos, such as, MeV-GeV are tightly constrained from the lepton number violating neutrinoless double beta decay (0νββ-decay) [40] [41] [42] [43] [44] , while in GeV -TeV range, lepton flavor violating process µ → eγ [45] [46] [47] can give significant constraint. RH neutrinos have also been searched for in the laboratory experiment through peak searches in leptonic decays of pions and kaons [48, 49] .
Another interesting probe for Majorana neutrinos of hundreds of MeV-few GeV masses and their mixings are the lepton number violating (LNV) rare meson decay processes, such as M [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . For RH neutrino search, this process has an advantage as compared to the LNV 0νββ-decay due to the lesser uncertainties in the meson decay constant.
In the later process, the nuclear matrix elements (NME) uncertainty can make difference in the prediction of active-sterile mixing. We consider a number of three body ∆L = 2 meson decays M large number of decaying mesons in these experiments, in-particular at SHiP will facilitate to improve the sensitivity reach significantly. In deriving these results, we consider parent meson velocity, that affects the probability of RH neutrino decay inside the detector. We
show, that inclusion of parent meson velocity can give one or two orders of magnitude shift O(10 1 − 10 2 ) in the results obtained.
The paper is organized as follows. In sec. 2, we very briefly review the basic features of the three RH neutrino framework, following which in sec. 3, we discuss in detail the contributions of the RH neutrino in meson decays. In sec. 4, we then compute the total decay width of RH neutrino N in the mass range 0.140 GeV ≤ M N ≤ 6 GeV. In sec. 5, we study the effects of parent meson velocity in the RH neutrino decay probability. In sec. 6 and 7, we give the formalism to calculate the signal events and give different inputs for various experiments which we consider. In sec. 8, we derive the limits on the mixing angle |V N | 2 , = e, µ, τ and |V 1 N V 2 N |, 1 , 2 = e, µ, τ, 1 = 2 that are expected from the upper limits on the number of signal events of various LNV meson decays, that may be achievable in some of the ongoing and future experiments. In secs. 9, we present our combined limit from all the considered meson decays and give the comparison with other existing constraints on the mixing angles. Finally in sec. 10, we provide our conclusions. In the Appendix, we provide details of the RH neutrino decay width calculations.
THE MODEL
We extend the SM to include additional RH neutrinos N . The heavy neutrinos can generate light neutrino masses through seesaw. For simplicity, we consider only one RH neutrino and carry out our analysis. The mixing of N with the active neutrinos are given by the following expression,
where ν m and N m are the mass eigenstates. We denote the mixing between the standard flavour neutrino ν ( = e, µ, τ ) and the heavy mass eigenstate N by V N . Due to the mixing, the charged and neutral currents in the lepton sector gets modified and can be written as
For the purpose of phenomenology, we consider the mass and mixings of N as free parameters, constrained only by experimental observations. Note that, adding only one RH neutrino is not enough to correctly reproduce the neutrino oscillations parameters, namely two mass square differences and the mixings. In our considered model, we can add two more RH neutrinos to generate the neutrino masses and consider two of them to be heavy enough such that only one RH neutrino lies in the mass range 0.140 GeV ≤ M N ≤ 6 GeV.
PROCESS
The RH neutrino N , if a Majorana state can mediate the LNV process M
. The Feynman diagrams for these decays are shown in Figs. 1 and 2. The diagram in Fig. 2 will give a very small contribution, as this is not a resonance production diagram. Note
The Feynman diagrams for the lepton number violating meson decays. These processes can produce resonance enhancement. See text for details that the diagrams with light neutrino exchange are also present but the contributions will be negligibly small as they will not be resonantly enhanced. The decay amplitude for the Fig.1 can be expressed as 
where M 1 and M 2 are both pseudo-scalar mesons. Though M 2 can also be a vector meson,
we have considered only the case of pseudo-scalar meson. In Eq. 4, G F is the Fermi coupling constant, V j N are the mixing angles between the neutrino of flavor state ν j and mass
) are the Cabbibo-Kobayashi-Maskawa (CKM) matrix elements at the annihilation (creation) vertex of the meson M 1 (M 2 ). f M 1 and f M 2 are the decay constants of M 1 and M 2 , respectively. We use the values f D = 0.204 GeV, f Ds = 0.258 GeV, f K = 0.156 GeV, f B = 0.188 GeV and f Bc = 0.436 GeV [64] . M N , Γ N are the mass and decay width of the heavy neutrino N . Finally, the total decay rate is given by
In Eq. 5, n = 2 for identical final leptons, otherwise n = 1 and d 3 (PS) is the three body phase space.
TOTAL DECAY WIDTH OF N
Although the RH neutrino N is a SM singlet, due to mixing with active neutrinos it can decay via charged and neutral current interactions. For the mass range 0.140 GeV ≤ M N ≤ 6 GeV, RH neutrino can be produced as an intermediate on mass shell state in the LNV meson decays being considered here. We consider only tree level diagrams in the calculation of RH neutrino total decay width. In the relevant mass range 0.140 GeV ≤ M N ≤ 6 GeV, the following channels contribute to the total decay width of heavy neutrino:
• N → − P + , where = e, µ, τ , and
• N → ν P 0 , where ν are the flavor eigenstates ν e , ν µ , ν τ and P 0 = π 0 , η, η , η c .
• N → − V + , where = e, µ, τ , and
• N → ν V 0 , where ν = ν e , ν µ , ν τ and V 0 = ρ 0 , ω, φ, J/ψ.
• N → ν 1 − 2 + 2 , where 1 , 2 = e, µ, τ .
• N → ν 1 νν, where ν 1 = ν e , ν µ , ν τ .
Hence, the total decay width is given by
As the RH neutrino is Majorana, the charge conjugate processes are also allowed and the decay rate is same, hence the 2 factor is included for some of the channels. We can parameterize the above decay width as follows
where, a e , a µ and a τ are functions of the Majorana neutrino mass and hence will differ from mode to mode. We show the total decay width of heavy neutrino N in the left panel of 
. We also show in the right panel of Fig. 3 , the different coefficients 
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PARENT MESON VELOCITY AND FINITE DETECTOR SIZE EFFECT
For the mass range 0.140 GeV ≤ M N ≤ 6 GeV, the RH neutrino produced in these LNV meson decays are on shell. The RH neutrino produced in meson decays M 1 → 1 N ,
propagates and decays after traveling some distance from the production point. This is the decay length L N of the RH neutrino N and it depends on the total decay width of N . If L N is greater than the actual size of the detector, then N will decay outside the detector and the signature M 1 → 1 2 π cannot be observed. For a particular experiment the detector size is finite. Hence, when calculating the signal events, we need to take into account this finite size detector effect by the probability factor P N , of N to decay within the detector.
In general, this probability factor can be written as
where
, it is obvious that for a very large detector length L D and small decay length L N ,
Note that the probability factor depends on three momentum p N , which in turn depends on the velocity of decaying meson M 1 . Hence to incorporate the probability factor correctly, we need to use the correct velocity of the parent meson M 1 in each of the experiments. If the parent meson M 1 decays at rest, three momentum p N is fixed and is given by p *
. For the case of parent meson M 1 produced with fixed boost β, the energy of N is then given by,
where E * N is the energy of N in rest frame of M 1 which is given as E *
and θ * N is the emission angle of particle N in the rest frame of M 1 , which is measured from the boost direction β. The energy E N of the N in the boosted M 1 frame lies within the range,
Similarly we can derive the range of
from Eq. 9 using the relation p 
In Figs [65] , 58 GeV (SHiP) [66] ; p Ds = 58
GeV (SHiP) and p K = 75 GeV (NA62) [67] . From these two figures it is clear that decay length increases (hence x decreases) for fixed mixing angle in the case of meson decays in flight compared to meson decay at rest. Hence, the probability of RH neutrino P N to decay inside the detector is smaller in the case of meson decay in flight comapare to meson decay at rest. As a result, compare to meson decay at rest, in the case of meson decay in flight we get a rather loose bound on mixing angle from the expected signal events.
SIGNAL EVENTS
The sensitivity reach for the LNV decay modes in a particular experiment depends on the number of the parent mesons
), their momentum ( p M 1 ) and the branching ratio for these mesons to the LNV modes. Assuming the parent meson M 1 decays at rest, the expected number of signal events is [68] :
the factor 2 is due to inclusion of the charge conjugate process M + 1 → + 1 N and P N is the detector probability which is given by
For the case of meson decay in flight the RH neutrino energy E N lies in range according to Eq. 9 and follows a flat distribution as:
Hence to calculate the total number of events for M
in the lab-frame we need to integrate within the range of E N as
is the detector probability after taking into account the parent meson M 1 velocity.
Since the LNV meson decay rates will be extremely small, the expected number of signal events for these processes can be assumed to follow a Poisson distribution. Following Ref. [69] and assuming zero background events, we derive the average upper limit on the number of events at 95% C.L., assuming number of signal events to be N event = 3.09.
Note that the number of events given in Eqs. 12 or 13 are functions of the mass parameters M N and mixing V N . Equating the numerical upper limit on the number of events to the theoretical expressions, we get constraints on mixing angle V N , corresponding to specific
M N values for a particular experiments. We have assumed
when deriving these bounds using Eq. 12 and 13. The produced mesons will decay in flight, carrying a momentum of order of 100 GeV in forward direction [76] . We take the detector length L D ≈ 20 m.
NA62
NA62 is an ongoing experiment at CERN that will produce a large number of K will decay in flight, carrying a momentum of 75 GeV.
SHiP
The SHiP experiment is a newly proposed general purpose fixed target facility at the CERN SPS accelerator [77] . A 400 GeV proton beam will be dumped on a heavy target for the duration of five years. One of the primary goal of the experiment is to use decays of charmed mesons to search for heavy sterile neutrinos using the decay mode
One can easily estimate the number of charmed meson pairs that are expected to be produced in this experiment as [78] ,
where X cc is the cc production rate, N P OT = 2 × 10 20 is the number of proton-target in- . At KEKB as well as superKEKB, the energies of the e + , e − beams are sufficiently low so that the momentum of the produced B mesons as well as that for the charmed mesons will not be appreciable and the suppression from high momentum of the decaying mesons in the number of events will be absent.
FCC-ee
The Future Circular Collider (FCC-ee) [65] will collect multi-ab −1 integrated luminosities for e + e − collisions at c.m.energy √ s ≈ 91 GeV. The expected number of Z-bosons is 10 12 − 10 13 . The number of charged B mesons from Z decays can be estimated as,
where N Z ∼ 10 13 , Br Z → bb = 0.1512 [86] , f u = 0.410 [87] is the fraction of B + from b quark in Z decay. The B mesons produced at FCC-ee will have an energy distribution
. Hence we can calculate the number of signal events using Eq. (13),
where the detector length is taken to be L D = 2 m.
RESULTS
In Fig. 6 , we show how the velocity of the parent mesons affect the sensitivity reach of the mixing angles. We consider a number of ongoing and future experiments, such as, M N . When calculating the limits on these mixing angles, we are using Eq. 12 for Belle-II and Eq. 13 for the other experiments. The latter properly takes into account parent meson velocity effect in the RH neutrino decay probability inside the detector. Due to huge number of charmed meson productions, the future experiment SHiP will be able to probe |V eN | 2 ,
) and |V eN V µN | ∼ O(10 −9 ) in the mass range 0.14 GeV < M N < 1.9 GeV. One important point to note is that we have considered idealized detector with 100% detection, reconstruction efficiencies etc to derive the constraints on the mixing angles. The realistic constraints are expected to be weaker and will only be feasible through searches by the experimental collaborations, incorporating the detection, reconstruction efficiencies in actual experiment.
COMBINED SENSITIVITY REACH FROM MESON DECAYS AND COM-PARISON WITH EXISTING CONSTRAINTS
In this section, we discuss the future sensitivity reach from LNV three body meson decays. The combined limits represent the strongest limits obtained in different mass ranges of N . In Fig. 11 , we show the combined sensitivity reach for 
FASER1
Leptogenesis A number of other constraints on the active-sterile mixing have been obtained from peak searches, pion decays, collider searches etc. A variety of choices of the heavy neutrino mass have been made in different articles [29, 30, 32, 37, [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] , which discussed the limits on the heavy neutrino mass and mixing. We summarize the existing limits from these articles.
We only show the constraints for the heavy neutrinos lighter than 10 GeV. See Fig. 11 for the two electron, Fig. 12 for two muon, and Fig. 13 represent the theory constraint from the seesaw (Seesaw) [103] [104] [105] , big bang nucleosynthesis (BBN) [66, 106, 107] , experimental constraint from CHARM [108] [109] [110] , DELPHI [111] . We also show the future sensitivity reach of FCC-ee [112, 113] , and DUNE (LBNE ) [114] .
The PS191 [115] limits for the electron and muon flavors are shown in Figs. 11 and 12, respectively. The JNIR [116] limit is represented by the black dashed line for the electron flavor in Fig. 11 [120] for the Majorana neutrinos with muon flavor can also put strong bounds. These bounds are shown in Fig. 12 for the muon flavors. For the tau lepton, the bound in the corresponding mass region from EWPD [121] [122] [123] has been shown in Fig. 13 . The decay of tau lepton into heavy Majorana neutrino and meson can also put bounds on the massmixing plane and can have prospective limits marked as B-factory [89, 92] 2 . The NA62 [125] [126] [127] projection lines from the electron, muon and tau are shown in Figs. 11, 12 and 13, respectively. Such experiment can be performed in the kaon mode and beam dump mode [128] . This search is sensitive to the heavy neutrinos that are produced in weak decays [129, 130] of mesons or tau leptons [66] . The upper limit on the mass mixing plane from from BABAR [139] . The limits from the τ → eππ and τ → e − π + π + are shown in Fig. 15 and those obtained from τ → µππ and τ → µ − π + π + are shown in Fig. 16 , respectively [140] .
We stress that, in the relatively lower mass range, among the experimental constraints, 
APPENDIX
The different partial decay widths of the RH neutrinos N i are,
Γ
In the above decay mode 1 = 2 .
Γ (N j → ν νν) = G Neutral current couplings of leptons are given by,
Neutral current coupling of pseudoscalar and vector mesons are given by,
